Tracheal intubation is common during adult in-hospital cardiac arrest, but little is known about the association between tracheal intubation and survival in this setting.
can Heart Association and the European Resuscitation Council state that either a bag-valve-mask device or an advanced airway may be used for ventilation and oxygenation during cardiac arrest, and the guidelines make no distinction between the out-of-hospital and in-hospital setting. 2, 3 A large Japanese observational study of out-of-hospital cardiac arrest showed that advanced airway management was associated with a decreased chance of good outcome. 4 However, similar data are lacking for the in-hospital setting, where patient characteristics, the cause of cardiac arrest, the timing of interventions, the skills and experience of the health care professionals, and overall outcomes are significantly different. 1, 5 The aim of the current study was to evaluate the association between tracheal intubation during adult in-hospital cardiac arrest and survival to hospital discharge using the multicenter Get With The Guidelines-Resuscitation (GWTG-R) registry. This study also aimed to assess whether this association was modified by the first documented rhythm (shockable vs nonshockable) or other patient and event factors explored in prespecified subgroups.
Methods

Data Source
This study retrospectively analyzed data from the GWTG-R registry, a prospective quality improvement registry of inhospital cardiac arrest in US hospitals; the registry is sponsored by the American Heart Association, which has regimented data collection methods and reliability checks. 6 Data are collected on all patients with in-hospital cardiac arrest who do not have prior do-not-resuscitate orders. Cardiac arrest is defined as pulselessness requiring chest compressions and/or defibrillation, with a hospital-wide or unit-based emergency response. Integrity of the data is ensured through online certification of data entry personnel and the use of standardized software. 7 Data from January 1, 2000, through December 31, 2014, were used. Hospital-level data were obtained from the American Hospital Association's Annual Survey from 2013. 8 All participating hospitals are required to comply with local regulatory guidelines. Because data are used primarily at the local site for quality improvement, sites are granted a waiver of informed consent under the common rule. The Committee on Clinical Investigations at Beth Israel Deaconess Medical Center confirmed that this is not considered human subjects research under the common law and therefore waived the need for informed consent.
Patient Population
This study included adult patients (aged ≥18 years) with an index cardiac arrest for which they received chest compressions.
Patients who had an invasive airway in place at the time of the cardiac arrest (including tracheal tube, tracheostomy, laryngeal mask airway, or other invasive airways but not including nasopharyngeal or oropharyngeal airways) were not included. Hospital visitors and employees were not included. For the main analysis, patients with missing data on tracheal intubation, covariates (except race, for which a "not reported" category was created), and survival were excluded. This included patients with missing or inconsistent data on timing of tracheal intubation, timing of epinephrine administration, or timing of defibrillation (in those with a shockable rhythm). These patients were included after imputation of missing values in a preplanned sensitivity analysis (see "Statistical Analysis").
Race was included in the analysis because previous research has suggested that race might be associated with outcomes. 9 Race was self-reported by the patient or family or, if these were not available, by the clinical physician or institution. Race was reported as American Indian/Alaska Native, Asian, black or African American, Native Hawaiian/Pacific Islander, white, or unable to determine. Given small sample sizes in some groups, these were recategorized into white, black, other, and not reported.
Tracheal Intubation
Tracheal intubation was defined as insertion of a tracheal or tracheostomy tube during the cardiac arrest. The end of the cardiac arrest was when the patient had return of spontaneous circulation (ROSC) or when resuscitation was terminated without ROSC. Unsuccessful intubation attempts are not registered as intubations in the registry. The time to tracheal intubation was defined as the interval in whole minutes from loss of pulses until the tracheal tube was inserted. All times in the GWTG-R registry are collected in whole minutes. As such, a time to tracheal intubation of 0 minutes indicates that the tracheal intubation was performed within the same whole minute that pulses were lost, a time of 1 minute indicates that tracheal intubation was performed within the next whole minute, and so on.
Outcomes
The primary outcome was survival to hospital discharge. Secondary outcomes were ROSC and favorable functional outcome at hospital discharge. ROSC was defined as no further need for chest compressions (including cardiopulmonary bypass) sustained for at least 20 minutes. A cerebral performance category score of 1 (mild or no neurological deficit) or
The cerebral performance category score was determined by data abstractors reviewing the medical record. Abstractors assessing outcomes were not blinded to exposure status but were unaware of the hypothesis of the current study.
Statistical Analysis
The statistical analysis plan for the current study largely follows that of a recent, similar GWTG-R study in children. 11 Categorical variables are presented as counts (frequencies), and continuous variables are presented as medians (interquartile ranges [IQRs] ). Independent categorical variables were compared with the χ 2 test, and the Cochran-Armitage test was used to test for trends in tracheal intubation over time.
To assess the adjusted association between tracheal intubation during cardiac arrest and survival to hospital discharge, this study used time-dependent propensity score matching. 12 This approach has previously been used in studies analyzing time-dependent cardiac arrest interventions, 11, 13 and it is designed to account for the fact that the intubation procedure might not occur during the cardiac arrest if ROSC or termination of efforts occurs first. The propensity score was calculated based on a Cox proportional hazards model with intubation during the cardiac arrest as the dependent variable and with all variables included in Table 1 as independent variables. Additional details are provided in the eAppendix in the Supplement. Next, 1:1 risk set matching on the propensity score was performed using a nearest neighbor-matching algorithm with a maximum caliber of 0.01 of the propensity score. Patients being intubated at any given minute (from minute 0 to minute 15) were separately and sequentially propensity score matched with a patient who was at risk of being intubated within the same minute.
11
At-risk patients included those who were still undergoing resuscitation and were not intubated before or within the same minute. At-risk patients therefore also included patients who were intubated later, as the matching should not be dependent on future events. [11] [12] [13] [14] As such, the matched group with no intubation includes patients who subsequently were intubated (although later than their matched counterpart). For additional details on the rationale for and interpretation of this type of analysis and matching, see the eAppendix in the Supplement.
To assess the performance of the matching, baseline characteristics were compared with standardized differences where a difference less than 0.1 is generally considered negligible. 15 Using the matched cohort, modified Poisson regression was performed to assess the association between tracheal intubation during cardiac arrest and survival to hospital discharge, obtaining risk ratios (RRs) with robust variance estimates. 16, 17 To account for the matching and potential clustering within hospitals, generalized estimating equations were used as described by Miglioretti and Heagerty. 18 Results are reported from the regression models as RRs with 95% confidence intervals. The analysis was repeated for the secondary outcomes. This study tested whether the association between tracheal intubation and survival to hospital discharge differed according to a number of prespecified subgroups: initial rhythm (shockable [pulseless ventricular tachycardia or ventricular fibrillation] vs nonshockable [asystole or pulseless electrical activity]), timing of the matching (0-4, 5-9, and 10-15 minutes), illness category, whether the patient had preceding respiratory insufficiency (see eTable 1 in the Supplement for definition), and the location of the event. Subgroup differences were tested by adding an interaction between the intubation variable and the subgroup variable of interest to the modified Poisson regression model in the propensity-matched cohort. As a post hoc analysis, this study also considered the interaction when treating timing of the matching as a continuous linear variable. To account for missing data, multiple imputations were performed as described in the eAppendix in the Supplement. As a post hoc analysis, we used non-time-dependent propensity score matching (see the eAppendix in the Supplement for details).
All hypothesis tests were 2-sided, with a significance level of P < .05. All secondary analyses should be considered exploratory as no adjustments were made for multiple comparisons. 19 Statistical analyses were conducted using SAS software version 9.4 (SAS Institute Inc). The statistical analysis plan was outlined and agreed on by the entire author group before any analyses were performed unless stated otherwise.
Results
Patient Characteristics
The study population included 108 079 patients ( Figure 1 )from 668 hospitals. Baseline characteristics in the overall group and according to intubation are provided in 
Time-Dependent Propensity Score-Matched Analysis
A total of 86 628 patients were included in the propensitymatched cohort (43 314 intubated patients [exposed group] matched 1:1 to 43 314 patients without intubation during the same minute [unexposed group], although these patients could have been intubated later). For patients in the exposed group, the median time to tracheal intubation was 4 minutes (IQR, 2-6 minutes). Among the unexposed group, 29 539 patients (68.2%) were intubated at some time point after the matching. For these patients, the time to intubation was 8 minutes (IQR, 5-12 minutes). Characteristics of the matched cohort according to exposure status are provided in Table 2 . The patients were well matched on all included characteristics. In this Table 3 .
Subgroup Analyses
The results of the subgroup analyses for survival are presented in Figure 2 . There was a significant interaction for initial rhythm (P < .001) such that tracheal intubation was more strongly associated with a lower likelihood of survival in those with an initial shockable rhythm (RR = 0.68; 95% CI, 0.65-0.72) compared with those with an initial nonshockable rhythm (RR = 0.91; 95% CI, 0.88-0.94). The association between tracheal intubation and survival was also modified by preexisting respiratory insufficiency (P for interaction < .001). In those without preexisting respiratory insufficiency, intubation was associated with lower likelihood of survival (RR = 0.78; 95% CI, 0.75-0.81), whereas no association was seen in those with preexisting respiratory insufficiency (RR = 0.97; 95% CI, 0.92-1.02). There were also subgroup differences according to illness category (P < .001) and location (P = .002) (Figure 2 ). There was no significant interaction for the time of matching (P = .38), indicating that the association between intubation and survival did not change during the first 15 minutes of the cardiac arrest. There was also no significant interaction when treating time of matching as a continuous linear variable (P = .22; eFigure 3 in the Supplement). The results from these analyses were similar to the primary analyses. Tracheal intubation was associated with lower likelihood of survival (RR = 0.84; 95% CI, 0.81-0.87; P < .001), ROSC (RR = 0.97; 95% CI, 0.97-0.98; P < .001), and good functional outcome (RR = 0.81; 95% CI, 0.79-0.84; P < .001).
Sensitivity Analyses
In a post hoc analysis using non-time-dependent propensity score matching, 61 262 patients were matched. The patients were well matched on all included covariates (standardized differences between −0.03 and 0.03). In this cohort, intubation as compared with no intubation was associated with a lower likelihood of survival: 5968 of 30 631 patients (19.5%) vs 11 074 of 30 631 patients (36.2%), respectively (RR = 0.54; 95% CI, 0.52-0.56; P < .001). Intubation was also associated with a decreased likelihood of ROSC (18 885 
Discussion
In this large, multicenter, retrospective, observational, matched cohort study, tracheal intubation at any minute within the first 15 minutes during in-hospital cardiac arrest, compared with no intubation during that minute, was associated with a 3% absolute reduction and 16% relative reduction in survival to hospital discharge. Intubation was also associated with a 2% absolute reduction and 3% relative reduction in ROSC and a 3% absolute reduction and 22% relative reduction in good functional outcome at hospital discharge.
Studies of tracheal intubation during adult in-hospital cardiac arrest are scarce, and no randomized clinical trials comparing intubation with no intubation in this setting were identified.
1,2 An observational study (n = 470) from 1990 of patients with in-hospital cardiac arrest found that tracheal intubation during the cardiac arrest was associated with increased mortality, 20 similar to an observational study from 2001
(n = 445). 21 A large observational study (n = 649 359) from Japan found that tracheal intubation during out-of-hospital cardiac arrest was associated with decreased odds of neurologically favorable survival. 4 However, an observational study (n = 32 513)
from Korea found that intubation during out-of-hospital cardiac arrest was associated with good neurological outcome at hospital discharge. 22 In both studies, tracheal intubation was rare (6% and 4%, respectively) and rates of good outcome were low. 4, 22 A meta-analysis from 2013 of observational out-ofhospital cardiac arrest studies found that tracheal intubation compared with basic airway management was not associated with ROSC but was associated with decreased survival. 23 None of these previous studies accounted for the time-dependent In this study, there were important differences in several prespecified subgroup analyses. Tracheal intubation was associated much more strongly with decreased survival among patients with an initial shockable rhythm (32% relative decrease) compared with those with an initial nonshockable rhythm (9% relative decrease). Similar subgroup differences have been reported in the out-of-hospital setting. 4 These findings may indicate that the potential detrimental effects of intubation are more pronounced in patients with a shockable rhythm, for whom other interventions such as early defibrillation are more relevant. The current study also identified an important subgroup difference according to preexisting respiratory insufficiency: intubation was not significantly associated with outcomes in those with preexisting respiratory insufficiency. A proportion of patients with preexisting respiratory insufficiency might have had cardiac arrest as a consequence of Risk ratios with 95% confidence intervals for predefined subgroup analyses. The P value represents the type III P value for the interaction between intubation and a given subgroup. The dashed vertical line represents the risk ratio in the overall cohort; the dotted vertical line, a risk ratio of 1.0 (ie, no effect). Except for the time of the matching, there were significant differences according to all other subgroups.
a The minute at which patients in the intubation group were intubated and matched with a patient not intubated before or within that same minute.
b Evidence of acute or chronic respiratory insufficiency within 4 hours up to the time of the event (see eTable 1 in the Supplement for additional details). Abbreviation: ROSC, return of spontaneous circulation.
a Patients being intubated at any given minute (from 0-15 minutes; intubation group) were matched with patients at risk of being intubated within the same minute (ie, still receiving resuscitation; no intubation group) based on a time-dependent propensity score calculated from multiple patient, event, and hospital characteristics.
b A cerebral performance category score of 1 (mild or no neurological deficit) or 2 (moderate cerebral disability) at hospital discharge was considered a good functional outcome.
respiratory failure, and early advanced airway management could be beneficial for these patients. Although the effect estimate varied according to subgroup, intubation was not associated with improved survival in any of the subgroups. A few relatively small randomized trials have been conducted in the out-of-hospital setting comparing various airway devices vs usual care or tracheal intubation, finding no differences in clinical outcomes between groups.
33-35 However, at least 3 currently ongoing randomized phase 3 trials are assessing advanced airway management during cardiac arrest in the out-of-hospital setting (clinicaltrials.gov identifiers NCT02419573 and NCT02327026 and isrctn.com identifier ISRCTN08256118). While these trials assess the efficacy of advanced airway management in the out-of-hospital setting, the results might not translate to the in-hospital setting given important differences in cardiac arrest etiology, skills of health care professionals, and timing of interventions. Given that intubation is very common during in-hospital cardiac arrest (70% in the current study) and that very little, if any, evidence exists to support this practice, randomized clinical trials in the in-hospital setting are needed and appear justified. However, based on the estimates from this study, such studies would likely need to be very large to be powered adequately to detect a significant difference.
The results of this study should be interpreted in relation to the observational design and certain limitations. Potential confounders such as the skills and experience of health care professionals, the underlying cause of the cardiac arrest, the quality of chest compressions, and the indication for intubation were not available in the registry. As such, confounding by indication could have influenced the results. 36 In the data registry, data on unsuccessful intubation attempts are not available. Limited published data are available on unsuccessful intubation in the global in-hospital setting. However, data from the emergency department 37 and out-of-hospital setting 38 indicate that failed intubation is associated with poor outcomes. Because these patients were classified as having no intubation in the GWTG-R registry, this would potentially bias the results toward the null and therefore probably cannot explain the findings reported herein. Misclassification of variables might have occurred, especially in relation to the timing of interventions. 39 However, it is most likely that these misclassifications are unrelated to outcomes 40 and therefore would be unlikely to explain the findings. In addition, although missing data were relatively uncommon in general (median of 0 missing variables [IQR, 0-0 missing variables] of more than 40 variables included), data were missing on at least 1 variable for 25% of the patients. This study aimed to address this by using multiple imputations techniques, which showed results similar to those of the primary analysis.
Conclusions
Among adult patients with in-hospital cardiac arrest, initiation of tracheal intubation within any given minute during the first 15 minutes of resuscitation, compared with no intubation during that minute, was associated with decreased survival to hospital discharge. Although the study design does not eliminate the potential for confounding by indication, these findings do not support early tracheal intubation for adult inhospital cardiac arrest. 
eAppendix. Supplemental Methods
Time-dependent propensity score calculation
The propensity score was calculated using a nonparsimonious multivariable Cox proportional hazards model. The outcome for the Cox model was time to intubation during the cardiac arrest. Patients were censored if the resuscitation ended (with or without return of spontaneous circulation [ROSC]) without intubation. All variables presented in Table 1 were included in the model including quadratic and cubic terms of age 1 The proportional hazards assumption was tested by including an interaction between each variable (except time-varying variables) and the natural logarithm of time.
Given the large sample size, the proportional hazards assumption was determined to be met if the p-value from the interaction was > 0.01. Variables not meeting the proportional hazards assumption were included as time-varying covariates allowing the variables'
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association with intubation to change every five minutes (i.e. different hazard ratios at 0 -4, 5 -9, and 10 -15 minutes).
Rationale for the time-dependent propensity score and risk set matching approach
Traditional propensity score matching allows for matching of exposed and unexposed patients based on a set of measured characteristics at a given point in time. 13, 14 However, when covariates and the exposure (i.e. intubation) are time-dependent it is desirable that the distribution of covariates are balanced not only at baseline but also at any given time where the patients are at risk of the exposure. 11 For example, the risk of intubation (as quantified by the propensity score) might depend on whether or not the patient has received epinephrine. As receipt of epinephrine may also be associated with outcomes 2,3 , it is essential that the exposed and unexposed patients are balanced on this covariate to avoid biased results. Simply adding a variable with yes vs. no epinephrine administration at any time during resuscitation is not optimal, as epinephrine might have been given after the intubation. Moreover, the association between a variable (e.g. location of the event) and intubation may vary over time. By allowing variables not meeting the proportional hazards assumption to vary over time, a more flexible model is created and we ensure that the exposed and unexposed are better balanced at any given time-point.
As also described elsewhere 3, 12, 15 , the use of risk set matching is essential to reduce bias when assessing interventions during cardiac arrest. First, the duration of a cardiac arrest is associated with intubation i.e. the longer the cardiac arrest the higher the chance of the patient being intubated. As such, if one were to simply compare intubated to nonintubated patients, this would essentially be comparing patients with longer vs. shorter duration of © 2017 American Medical Association. All rights reserved.
cardiac arrest. As an extreme example, one could imagine that all patients were intubated at minute 10. The comparison of intubated vs. nonintubated patients would then be a comparison of patients with ROSC or termination of resuscitation < 10 minutes to patients with ROSC or termination of resuscitation ≥ 10 minutes. Since the duration of the cardiac arrest (i.e. time to ROSC) is strongly associated with outcomes 16, 17 and termination without ROSC is rarely performed before 10 minutes this would create severely biased results.
Secondly, since interventions during cardiac arrest including intubation could theoretically influence the duration of the cardiac arrest (e.g. intubation leading to rapid ROSC), one cannot simply adjust for the duration of the cardiac arrest as early ROSC could be a mediator of the potential effect of intubation on outcomes such as survival to hospital discharge.
Lastly, the practical importance of using risk set matching is evident from two observational studies regarding epinephrine administration in out-of-hospital cardiac arrest.
The two studies used the same database but one used time-dependent propensity score matching 12 whereas the other used traditional propensity score matching 18 , ultimately yielding differing results with important differences in the conclusions of the paper. While it is obviously unclear which study had the correct results, the findings do indicate that the concepts discussed above are not purely theoretical.
Interpretation of the effect estimates
The interpretation of the results from the analyses using time-dependent propensity scores and risk set matching is different from that obtained from traditional logistic regression or propensity score-matched analysis. The effect estimate (i.e. risk ratio) from the current © 2017 American Medical Association. All rights reserved.
study should be interpreted as the risk of the outcome (e.g. survival) in a patient being intubated during cardiac arrest at a given minute (from 0 to 15) compared to a similar patient (based on characteristics at that minute) who was not intubated before or at that minute ("as yet untreated"). 19 These "as yet untreated" patients include those being intubated at a later time point as well as patients never intubated. We believe this interpretation is more clinically relevant as a clinician might consider intubating a patient at any given minute with future events being unknown. 15 That said, the effect estimates obtained from this approach (assuming no confounding, no selection bias, and no information bias) would likely be closer to one (i.e. less of an effect) compared to a randomized controlled trial comparing intubation to strictly no intubation.
Multiple imputation
We performed multiple imputation assuming that the data were "missing at random". 20 Data were missing or inconsistent on at least one variable for 35,731 patients (25%) with a median number of missing variables of 0 (quartiles: 0, 0, mean: 0.5, standard deviation: 1.4).
In order to account for this, missing values for intubation, categorical covariates, and the outcomes (ROSC, survival and good functional outcome) were imputed using the fully conditional specification method 21 and a total of 20 data sets were created 22 . Time to intubation and time to the end of resuscitation were then imputed for each of the 20 data sets using Poisson distributions and time to epinephrine/defibrillation was imputed using zeroinflated Poisson distributions for those receiving epinephrine/defibrillation. 3, 23, 24 We then performed the time-dependent propensity score matching and modified Poisson regression © 2017 American Medical Association. All rights reserved.
on each of these 20 data sets and combined the results using SAS "proc mianalyze". For this analysis, we accounted for the matching and not hospital-level clustering.
Non-time-dependent propensity score matching
As a post hoc analysis, we conducted a non-time-dependent propensity score-matched analysis. For this analysis, the propensity score was calculated based on a logistic regression model with intubation within the first 15 minutes (but otherwise irrespective of timing) as the outcome. This model included all variables included in our main analysis except administration of epinephrine and receipt of defibrillation since these are time-dependent and therefore cannot be included in a meaningful way. Based on the propensity score, patients were then matched using a nearest neighbor-matching algorithm with a maximum caliber of 0.01 of the propensity score. After the matching, similar analyses were performed as for our time-dependent propensity score-matched cohort. However, as discussed above, this approach has important limitations and the results should be interpreted with caution.
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